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FOREWORD 


This report was prepared by the Boeing Coamerclal Airplane 
Company, Seattle, Washington, under Contract NAS1-15148. It is 
the fourteenth quarterly technical progress report covering work 
performed between January 1 to Narch 31, 1982. The program Is 
sponsored by the National Aeronautics and Space Administration, 
Langley Research Center. Mr. Ronald K. Clark Is the NASA Tech- 
nical Representative. 

This contract Is being performed by the Advanced Structures Staff 
organization. Key personnel associated with the program during 
the reporting period and their area of responsibility are: 


R. 0. Wilson 
M. N. Gibblns 
E. E. Peterson 
R. T. Cook 
J. S. Chen 


—Program Manager 
—Technical Leader 
—Materials 
—Quality Assurance 
--Chemical Analysis 
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ENVIRONMENTAL EXPOSURE EFFECTS 
ON COMPOSITE MATERIALS 
FOR COMMERCIAL AIRCRAFT 

M. N. 6IBBINS 

BOEING COMMERCIAL AIRPLANE COMPANY 


1.0 SUMMARY AND PROGRAM STATUS 


Progress during this quarter Included testing of 3 year exposure 
specimens from the Honolulu exposure rack and conqpletlon of 
analysis on 3 year exposure specimens from Edwards AFB. 

Radiographs of the Honolulu short beam shear (SBS) specimens have 
shown edge cracking caused by the final post exposure machining 
operation on these specimens. No apparent strength effect of 
observable cracking on specimen strength was found, however. 

Unexposed SBS and flexure specimens stored for 3 years In a 
controlled environment were mechanically tested. Flexure 
strength values showed a drop In strength from 1 and 2 year 
results. 

Results of testing to date Indicate the primary envlrorwiental 
effect through 3 years of exposure Is absorbed moisture. Short 
beam shear and ±45 tension specimens have been most sensitive 
with SBS losing strength and tension gaining strength with 
Increased moisture content. 

Activities for next quarter will include mechanical testing of 2 
year exposure Weatherometer specimens, and dryout of selected 
specimens from the Weatherometer and from Honolulu for moisture 
content determination. 


2.0 INTRODUCTION 


original » 
OF POOR QUALITY 


The Introduction of any new material system Into commercial 
aircraft structure requires that an Information data base be 
available to the designer In such a form that one can accept the 
material as a viable alternate to the current material system In 
use. Composite material components on airplanes In scheduled 
commercial service have demonstrated a viable level of confidence 
In current design and fabrication methods. In spite of th1s« the 
long term durability of composites exposed to actual airplane 
operational environments represents a significant unknown In 
assessing the risk level for a production commitment to primary 
airplane structure. 

This contract focuses on expanding the data base for composite 
materials' properties as they are affected by the environments 
encountered In operating conditions, both In flight and at ground 
terminals. It Is well known that absorbed moisture will degrade 
the mechanical properties of graphite/epoxy laminates at elevated 
temperatures. Since airplane components are frequently exposed 
to atmospheric moisture, rain, and accumulated water, quantitive 
data are required to evaluate the amount of fluids absorbed under 
various enviroranental conditions and the subsequent effects on 
material properties. In addition, accelerated laboratory test 
techniques must be developed that are reliably capable of predic- 
ting long term behavior. The study will Include a task to 

develop an accelerated envlroranental exposure testing procedure 
and to correlate all experimental results and compare with 
analytical results to establish the level of confidence for 
predicting composite material properties. 

The overall program has a duration of approximately 11 years and 
Is performed In three tasks as follows: 

• Task I - Flight Exposure 

• Task II - Ground Based Exposure 

f Task III - Accelerated Environmental Effects and Data 
Correlation 

Among the parameters to be Investigated are: geographic 

location, flight profiles, solar heating effects, ultraviolet 
degradation, retrieval times, specimen types, test temperatures, 
and others. The experimental program Includes in-flight and 
ground exposures of up to 10 years and will obtain mechanical, 
physical, and chemical data from about 17,000 specimens. A 
complete description of the program content was given In the 
first Quarterly Report (Reference 1). Other reports (References 

2-13) have covered progress to date. The overall program Is 
summarized schematically In Figure 2-1. The program schedule Is 
shown in Figure 2-2. All tables and figures appear after the 
text. 
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No tasks currently active. 

4.0 FABRICATION 

No tasks currently active. 

5.0 EXPOSURE AND TEST 

5.1 Long Term Exposure and Test 

A summary of the long term exposure status Is shown In Tables 5*1 
and 5*2. Southwest Airlines had not deployed their set of Kevlar 
specimens as of March 31, 1982. All of the other optional 
material specimens (ASl/3501-6 and Kevlar 49/F161-188) have now 
been deployed. 

During this reporting period results were analyzed for the 
test 1 no performed on 3 Year Edwards specimens. Three Year 
Honolulu specimens were removed from exposure on February 9, 
and returned to Boeing. Testing has been coa^leted except 
for the dryout of selected specimens for moisture content 
determination. Summaries of the Individual specimen strength and 
weight data appear In Appendix Tables A-1 through A-4. The 
Individual specimens are designated with Identifying characters 
found in the left hand column of the tables. These characters 
specify the material, specimen, type, and exposure condition. 
Figure A-1 describes the code used in the identifying characters. 

Tables 5-3 and 5-4 give the results of the 3 Year Edwards 
specimen testing in terms of percent of baseline values and 
percent weight change. Some of the specimen weight loss during 
solar exposure can be attributed to solar degradation and erosion 
of surface paint. Figures 5-1 and 5-2 show the material moisture 
content through 3 years exposure as measured by coupon dryout. 
These figures show an inconsistent moisture level from year to 
year. The moisture levels may be a function more of season the 
specimens were removed from exposure than of exposure duration. 
The 1 year specimens were removed on February 12, 1980, during 
the season of highest relative humidity. The 2 year specimens 
were removed on October 14, 1980, closer to the hotter and dryer 
season. These specimens had probably lost moisture during the 
summer and had not yet gained back moisture equivalent to winter 
levels. The 3 year specimens were removed on NoveiN>er 25, 1981. 
This gave these specimens 42 days exposure extended farther into 
the more humid weather than the 2 year specimens. 

An analysis showed con^arable results. The analysis used a 
finite difference solution for Fick's one-dimensional diffusion 
equation. Ten^erature and relative humidity values from National 
Oceanographic and Atmospheric Administration (NOAA) data were 
used. Figure 5-3 shows the moisture content analysis results for 
an initially dry 12 ply T300/5208 laminate through 27,000 


"exposure" hours at Edwards AFB. The analysis used temperature 
and humidity values measured starting October 30» 1958. October 
30. 1978 was the day the ground rack arrived at Edwards, 
therefore the analysis begins at the same time of the year as 
actual exposure began. The Initial moisture content on October 
30 was assumed to be 0 , 2 % by weight. This level represents a 
probable equilibrium level achieved under preexposure storage 
conditions. 

The first 9000 hours (approximately 1 year) appears to be an 
initial equilibrating period. During the remaining time, shown 
1n Figure 5-3. the moisture content seems to cycle with the 
seasons. The periods of low moisture content appear during or 
following the summer, and the periods of high moisture content 
appear during or after winter. 

The measured nwlsture content values do not fall directly on the 
analysis plot, and there are several possible explanations for 
this. First, the ten^erature and relative humidity values used 
In the analysis are values actually measured at Edwards, and 
while they are believed to be representative of Edwards they are 
not the actual values during exposure of the samples. 
Information was not readily available from NOAA for the exposure 
period. Random differences may affect the results of either the 
analysis or the measurements. 

Second, geometry effects are not considered. The analysis 
assumes an Infinite twelve ply panel, while the measurements were 
made on shear exposure samples (see the Interim Report. NASA CR 
3502. p. 18) which are twenty plies thick and contain a large 
percentage of edge. No treatment of edge effects Is used In the 
analysis. 

Third, solar effects and rain Is not accounted for In the 
analysis. Rain wetting the surface of the specimens may Increase 
the ;TK)1sture content, while solar effects may heat the specimen 
surface and/or decrease the relative humidity In the specimen's 
Immediate vicinity. 

Fourth, the effects of surface paint Is not accounted for in the 
analysis. 

Fifth, results of the analysis depend on the values of the 
diffusion parameters. Measured values may vary depending on 
batch to batch variations, cure cycle variations, and exposure 
conditions. A variety of values are dooxnented In Reference 14 
for several different materials. The values used In this 
analysis have been used by Boeing In the past. 

The analysis is used here mainly to show a predictable seasonal 
variation In moisture content of ground based graphite epoxy. 

Short beam «he?r (SBS) strength has had an inverse relationship 
to moisture content In most testing to this point. A plot of the 
1, 2, and 3 year exposure short bemn shear strength should then 
resemble the Inverted shape of the associated moisture content 
plot. Two of the three materials did follow this trend. Figures 
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5-4 and 5-5 show the lowest SBS strength for T300/5209 and 
T300/934 during the first exposure year when the misture content 
was greatest. This trend did not apply to T300/5206 which. In 
general, experienced the greatest strength during the first year. 

Flexure and tension specimen testing results. Figures 5-6 through 
5-9, show that strengths are either above baseline values or by 
three years are on an upward trend. Figure 5-7 A and B show a 
positive relationship between moisture content and flexure 
strength as opposed to the negative relationships for SBS. 
Reductions In the upward flexure strength trends appear at year 
2 when moisture content was lowest. 

Compression strength Is on a downward course as shown In Figure 
5-10, although there are no other readily apparent trends. The 
scatter of values among the three materials after the first year 
of exposure In Figure 5-lOB Is reduced In the second and third 
years. Any dependency of compression strength on moisture 
content Is not clear from this data. It should be noted that all 
T300/5206 specimens tested at high temperature experienced end 
grip tab failures rather than compression failures. In this 
case, the material strengths would actually be higher than the 
value shown. 

The results of the 3 year Honolulu testing are given In Tables 
5-5 and 5-6. X-ray radiographs were made of all short beini shear 
specimens before and after final machining. This machining Is 
required because 3 specimens are exposed as one graphite epoxy 
strip, and must be divided. Radiographs were made with the 
specimens lying flat and with the specimens on edge as shown In 
Figure 5-11. 

The radiographs revealed that after machining approximately 7S% 
of the short beam shear specimens contained at least one crack. 
These cracks were revealed In the edge view radiographs. Table 
5-7 contains a comparison of strengths between cracked and 
uncracked specimens. The cracks extend less than .1" In from the 
end unless otherwise noted. Short beam shear specimens not shown 
In Table 5-7 contained cracking In all three machined segments. 

Comparing the strengths In Table 5-7 reveals that In three cases 
the cracked specimens were stronger than the uncracked specimens 
(lines 1, 6, and 7), and In three cases the uncracked specimens 
were stronaer than the cracked specimens (lines 2, 3, and 5). In 
one case (line 4) there was no difference between cracked and 
uncracked specimen strengths. From these observations. It can 
not be concluded that the cracks have an effect on SBS strength. 

Figure 5-12 shows the short beam shear strengths for specimens 
exposed at Honolulu and tested at room temperature. Concern has 
been expressed about the low strength value for the T300/5208 
specimen exposed for 2 years (Figure 5-12A) which had only 52% of 
the baseline strength. The 3 year strength was 9l!K of baseline. 
It appears that the low 2 year strength was anomalous and not 
representative of envlrorenental effects. Otherwise, the 
strengths appear to be stabilizing for all three materials. A 


description of the analysis perfomed on the low strength 2 year 
specimen was Included In Ref. 12. 

The SBS results for specimens from Honolulu tested at ISO^F are 
shown In Figure 5-13. These strengths also appear to have 
stabilized after 3 years of exposure. 

Figures 5-14 and 5-15 show the results for flexure testing. 
While the specimens exposed at Edwards have experienced Increases 
In strength, the Itonolulu specimens have been generally 
decreasing In strength during the second and third years. 

Figures 5-16 and 5-17 show the results for tension testing. The 
T300/5208 and T300/934 specimens respond similarly t' the 
specimens exposed at Edwards, Floure 5-8. In Figure 5-16 the 
T300/5209 performance Is well below the other two for Honolulu 
exposure. For the tension specimens tested at room temperature. 
Figure 5-17, all three materials respond similarly to each other 
and similarly to the Edwards specimens. Figure 5-9. 

The results from coo^resslon testing were erratic. Figure 5-18, 
as were the results of the Edwards compression tests. As noted 
in Table 5-6, the 3 year value for the 180°F tested 934 
compression test represents only one specimen as the other two 
experienced tab failure. Also, all three 5208 specimens tested 
at 180°F experienced tab failure. 


5.2 Accelerated Laboratory Test 

Flexure and SBS specimens of T300/5208, T300/5209, and T300/934 
stored for 3 year time alone exposure were tested with the 
Honolulu specimens. Strength and weight change results appear In 
Table 5-8. Individual specimen strength and physical property 
data appear In Appendix Tables 5 and 6. One, two, and three year 
collected weight change, S8S strength, and flexure strength 
results appear in Figure 5-19, 5-20, and 5-21, respectively. The 
weight change trends show an Initial drop during the first 
exposure period (1 year nominal). Most of the weight changes of 
subsequent exposure durations did not drop as sharply, and by the 
3 year exposure had reversed the down trend. The T300/5209 
material had actually gained weight after 3 years exposure. 

These specimens have been stored In small desiccated jars during 
exposure. The desiccant Is an ‘indicating type which changes from 
blue to pink as It absorbs nw>1sture, and It Is replaced as 
needed. Assuming the change in weight is due to a change In the 
absorbed moisture level, and that the jars remained consistently 
dry through exposure, the 3 year specimens would have been 
expected to lose mnounts similar to the 1 and 2 year specimens. 

The short beam shear strength levels have been steady through the 
3 year test. The flexure strengths were near the baseline values 
through two years, but experienced a drop for the third year. 
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YEARS AFTER GO-AHEAD 



Figure 2-2. Program Schedule 
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Figure 5-1. Moisture Content Edwards Solar Exposure. 
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Figure 5-2. Moisture Content Edwards Nonsolar Exposure. 



Measured Values: 

A Solar Exposure 
A Nonsolar Exposure 
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Figure 5-3 Edwards AFB Moisture Content Analysis for T300/5208 



Figure 5-4 . Short Beam Shear, Edwards AFB Ground Rack, Tested at Room Temperature 
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Figure 5-6 . Flexure. Edwards AFB Ground Rack, Tested at Room Temperature. 









Figure 5-10. 0“ Compression Strength, Nonsolar Exposure, Edwards AFB Ground Rack. 
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X- ray Source 




Specimen on Edge Specimen Flat 


Figure 5-11 • X - ray Radiograph Set up 
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Short Beam Shear, Honolulu Ground Rack, Tested at 180 F. 
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Figure 5-14 . Flexure, Honolulu Ground Rack, Tested at Room Temperature. 
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45 Tension, Honolulu Ground Rack, Tested at 180 F. 
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Figure 5-17 . ± 45 Tension, Solar Exposure, Honolulu Ground Rack, 

Tested at Room Temperature. 
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A. Tested at Room Temperature B. Tested at ISO'^F. 

* See Notes Table 5-6 

Figure 5-18 . 0° Compression Strength, Nonsolar Exposure, Honolulu Ground Rack. 
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Figure 5-20 . Time Alone Short Beam Shear Strength. 










T300/5208, T300/5209, INSTALLATION EXPOSURE AS OF MARCH 31, 1982 

T300/934 DATE 
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Specimens transferred to another 737 airplane after Initial deployment 




Table 5-2. Long Term Ground Based Exposure Data: Task II 
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Table 5-3 Results Suwiiary, Edwards, Nominal 3 Year Solar Specimens* 


PROPERTY 

SPECIMEN 

CONFIGURATION 

MATERIAL SYSTEN 


5208 

5209 

53r" 

Room Temperature 
Residual 
Strength 
Data 

{% of Baseline)** 

SBS 

Flexure 
+45 Tension 

88.2 

111.1 

112.4 

94.4 

104.3 

117.2 

94.9 

107.3 

108.2 

Elevated 

Temperature 

Residual 

Strength 

Data 

(X of Baseline)** 

SBS 

Flexure 
+45 Tension 
SBS Dryout 

95.5 

112.1 

103.9 

88.3 

108.0 

102.7 

87.29 

117.5 

101.4 

Weight Change 
Data 

Percent Gain + 
Percent Loss - 

SBS 

Flexure 
+ 45 Tension 

0.0432 

-0.1760 

-0.2617 

0.0153 

-0.2823 

-0.1841 

0.0540 

-0.2075 

-0.1806 

Weight Change 
During Dryout 


0.52 

0.27 

0.56 



Notes: 


* These specimens exposed for 1121 days. 

** Residual strength data based on baseline tests at the respective 
temperatures. 
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Table 5-4. Results Summary, Edwards, Nominal 3 Year Non-Solar Specimens* 


PROPERTY 

SPECIMEN 

CONFIGURATION 


IRIAL SYSTEM 

X 

5155 


■m 

Room Ten^erature 
Residual 
Strength 
Data 

(X of Baseline)** 

SBS 

Flexure 

00 Compression 

80.9 

103.9 

88.8 

93.1 
112.0 

86.1 

96.5 

107.5 

99.3 

Elevated 

Temperature 

Residual 

Strength 

Data 

(X of Baseline)** 

SBS 

Flexure 

0® Coflpresslon 
Stressed Tension 
SBS Dryout 

1 

86.8 

107.1 

91.7 

94.2 

88.4 

122.6 

85.2 

113.0 

Weight Change 
Data 

Percent Gain * 
Percent Loss - 

SBS 

Flexure 

Stressed Tension 

n 

-0.2247 

-0.2586 

-0.0763 

m 

Weight Change 
During Dryout 


0.56 

0.35 

0.54 

* Gripping Tab Failure 


Notes: 


These specimens exposed for 1121 days. 

Residual strength data base on baseline tests at the respective 
temperatures. 
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Table 5-5. Results Summary, Honolulu Nominal 3 Year Solar Exposure* 


PROPERTY 

SPECIMEN 

CONFIGURATION 

MAT 

ERIAL SYSTEM 

520B 

5209 

934 

Room Temperature 
Residual 
Strength 
Data 

(% of Baseline)** 

SBS 

Flexure 
+45 Tension 

91.0 

85.6 

104.1 

82.2 

88.4 

103.4 

83.3 

80.0 

106.8 

Elevated 

Ten^erature 

Residual 

Strength 

data 

(X of Baseline)** 

SBS 

Flexure 
+45 Tension 

78.8 

88.0 

128.4 

68.0 

72.5 

79.5 

73.2 

89.2 

no. 6 

Weight Change 
Data 

Percent Gain + 
Percent Loss - 

SBS 

Flexure 
+45 Tension 

.5035 

.2172 

-.2628 

.2863 

.0324 

-.3496 

.5019 

.2426 

-.2228 



Notes: 


These specimens exposed for 1096 days. 

Residual strength data based on baseline tests at the respective 
temperatures. 
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Table 5-6. Results Sunnary, Honolulu Nominal 3 Year Non Solar Exposure* 



SPECIMEN 

MAI 

FERIAL SYSTEM 


PROPERTY 

CONFIGURATION 

5208 

5209 

934 

Room Temperature 

SBS 

90.1 

85.9 

81.3 

Residual 

Flexure 
0° Compression 

98.8 

79.2 

86.7 

Strength 

Data 

(X of Baseline)** 

74.8 

92.2 

88.4 

Elevated 

SBS 

84.6 

67.0 

71.9 

Temperature 

Flexure 

Or Compression 

100.5 

86.0 

91.5 

Residual 

22.9++ 

59.5 

72.8 + 

Strength 

Data 

(X of Baseline)** 

Stressed Tension 

121.5 

95,3 

119.2 

Weight Change 

SBS 

.5507 

.4082 

.6340 

Data 

Flexure 


.2114 

.3928 

Percent Gain + 
Percent Loss - 

Stressed Tension 

.6205 

.3230 

.5898 


+ Value represents one specimen test. Gripping tab slippage on other two specimens. 
++ Gripping tab slippage 


Notes: 

* These specimens exposed for days. 

** Residual strength data based on baseline tests at the respective 

temperatures. 
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Table 5-7. Cracked Short Beam Shear Specimen Strength Summary Honolulu 3-Year Exposure 
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Table 5-8. Results Summary, 3 Year Time Alone 



SPECIMEN 

CONFIGURATION 

MATERIAL SYSTEM 

PROPERTY 

5208 

5209 

934 

Room Temperature 
Residual 
Strength 
Data 

(X of Baseline)* ** 

SBS 

Flexure 

99.4 

82.0 

95.8 

75.2 

95.0 

80.4 

Elevated 

Temperature 

Residual 

Strength 

data 

(X of Baseline)** 

SBS 

Flexure 

100.2 

82.1 

96.2 

98.1 

93.8 

78.5 

Weight Change 
Data 

Percent Gain + 
Percent Loss - 

SBS 

Flexure 

-.0357 

-.1080 

.0693 

.0215 

-.0756 

-.1325 



Notes; 


* These specimens exposed for 1150 days. 

** Residua! strength data based on baseline tests at the respective 
temperatures. 
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FIGURE A-1 SPECIMEN NUMBERING SYSTEM 
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Table A-2. Physical and Mechanical Test Data, Edwards AFB 3 Year Nonsolar Specimens. 
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Table A-3. Physical and Mechanical Test Data, Honolulu 3 Year Solar Specimens. 

iNITIAL INITIAL EXPOSED FINAL DRY ULTIMATE ULTIMATE 

IDENTIFYING LAMINATE LAMINATE DRY DRY SPECIMEN SPECIMEN FAILURE FAILURE TEST 
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Table A-6. Physical and Mechanical Test Data, 3 Year Time Alone Flexure Specimens. 
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